Export of proteins from the bacterial cytoplasm to a final destination in the periplasm and outer membrane is one example of the fundamental process occurring in all cells whereby polypeptides are transferred across biological membranes. Investigations on a variety of different systems have indicated similarities in the mechanism of this process. In the cases of bacterial protein export and the transfer of polypeptides across the endoplasmic reticulum in eukaryotic cells the processes are so similar that understanding gleaned from studies of the one is usually directly applicable to the other.
Introduction
Export of proteins from their site of synthesis in the bacterial cytoplasm to a location outside the cell membrane -either to the periplasm or to the outer membrane in Gram-negative bacteria -occurs by a process very similar to that of the first step in secretion by eukaryotic cells, in which proteins are transferred across the membrane into the lumen of the endoplasmic reticulum. So alike are the two processes that proteins exported by bacteria can be secreted by eukaryotes, and vice versa. Thus understanding derived from studies of the one process is often directly applicable to the other.
Initially, investigations of bacterial export tended merely to confirm and buttress the deductions made from elegant experiments with a highly sophisticated eukaryotic cell-free system that delivered proteins synthesized in vitro into dog pancreas microsomal membrane vesicles. More recently the advantage of studying fundamen tal molecular processes in E. coli, namely the possibility of performing genetic and biochemical investigations in v iv o, has been exploited to provide new insights in the field.
There are of course disadvantages to working on intact cells, the major ones being that the very high complexity of the system makes unambiguous interpretation of experimental observations much more difficult and that one cannot easily adopt a reductionist approach. However, the advantages over cell-free systems, that one observes relevant kinetics and that artefacts are more difficult to create, make studies in vivo valuable, and complementary to the aforementioned studies in cell-free systems. Here we review and discuss some of the contributions that have been provided by biochemical investigations in vivo.
Relationship between synthesis and export
The early investigations of protein export by E. coli largely confirmed the tenets of the contemporaneous version of the signal hypothesis (see below). Proteins to be exported were synthesized preferentially on membrane-bound ribosomes (Randall & Hardy, 1977) and in the absence of membranes were made as larger species that contained amino-terminal sequences of about twenty residues which did not appear in the exported proteins isolated from cells (Randall et al. 1978) . These sequences were shown to be very similar to signal sequences present on eukaryotic precursors of secreted proteins, having a short positively charged amino terminus, a longer uncharged and mainly hydrophobic midsection and a short hydrophilic carboxyl terminus often containing a helix-breaker (Inouye & Halegoua, 1979; von Heijne, 1985) . Pulse-chase experiments in intact cells indicated clearly that indeed the larger forms of the proteins were precursors that were very rapidly processed to yield the mature forms of the exported proteins, and genetic studies confirmed that the signal or leader sequences were essential for export (Bedouelle et al. 1980; Emr et al. 1980 ). However, two results obtained in this period were at variance with the then current dogma. The first was that phage M13 coat protein was shown to be synthesized exclusively on free ribosomes (Ito et al. 1979) . The second was that after pulselabelling unperturbed cells, completed precursors of exported proteins were tran siently detected (Inouye & Halegoua, 1979; Michaelis & Beckwith, 1982) . Both findings suggested that exported proteins could be translocated across the membrane after completion and therefore that translocation was not mechanistically coupled to synthesis as was then postulated by the signal hypothesis. This idea was confirmed by analysis of the nascent chains of maltose-binding protein synthesized in vivo (Randall, 1983) . In these studies it was shown that a proportion of nascent chains of all sizes up to the full size precursor still contained the leader sequence. These could not be digested by protease added from outside the cell unless the bacteria were first lysed. In contrast, other nascent chains that had already lost the leader sequence were digested by protease added from outside the membrane. This latter class of processed nascent chains therefore spanned the membrane while the former unprocessed class was within the cell ( Fig. 1) . Two conclusions may be drawn from this investigation. First, both co-translational and post-translational modes of export occur for maltose-binding protein (and for other proteins; Josefsson & Randall, 1981) . Second, the size of the smallest nascent chain that is processed and therefore P ro tease addition
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Follow ed by analysis o f n ascent chains rem aining Fig. 1 . Experim ental design for assessing translocation of nascent chains. Pulse-labelled spheroplasts were incubated in the presence or absence of proteinase K and the nascent chains of m altose-binding protein that remained were immune-precipitated and analysed by a two dimensional polyacrylamide gel electrophoresis technique (from Randall & Hardy, 1984). spans the membrane is about 8 0 % of the fully elongated maltose-binding protein.
Thu s translocation does not take place until late in synthesis or after the polypeptide is completed, and we can conclude that the protein is not pushed through the membrane amino acid by amino acid, concomitant with their addition to the growing polypeptide chain. Thu s the energy of formation of the peptide bond is not used to drive the polypeptide across the membrane and we must look elsewhere for the energy of translocation.
Source of energy
Addition of uncouplers that dissipate protonmotive force across the bacterial plasma membrane blocks export and causes accumulation of precursors of exported proteins inside the cell (Date et al. 1980; Daniels et al. 1981; Enequist et al. 1981) . For several proteins, the possibility that the accumulation is due to the secondary effect of uncouplers on A TP has been eliminated (Date et al. 1980; Enequist et al. 1981; Muren & Randall, 1985; Bakker & Randall, 1984; Zimmermann & Wickner, 1983) . T h u s export requires an energised membrane.
T h e role of protonmotive force in export remains obscure, however. It could either be the direct source of energy for protein translocation or it could have a secondary effect in, for instance, keeping the membrane or some component of the membrane in an active state or correct orientation.
Whatever the function of an energised membrane in export, it is the total membrane potential that is important. In a study of the export of beta lactamase, Bakker & Randall (1984) showed that an increased chemical potential, ApH, would compensate for a reduction in the electrical potential, A ip, and vice v ersa. If the membrane potential is acting directly as the energy for translocation, the simplest model consistent with this finding would be one involving proton antiport or hydroxyl ion symport.
Studies of export in bacterial cell-free systems, in which completed precursors gain entrance to inverted vesicles of the cytoplasmic membrane, have been used to determine the energetic requirements for this import (Chen & Tai, 1985; Geller et al. 1986; Yamane et al. 1987) . In some systems it has been impossible to show that an energised membrane is more than stimulatory (Chen & Tai, 1985) . This discrepancy with the studies of intact bacteria, where protonmotive force has proved to be essential for export, serves to emphasize the point made earlier that cell-free systems may carry out distorted versions of processes occurring in vivo.
The requirement for protonmotive force is presently the clearest apparent difference between bacterial protein export and eukaryotic secretion. We should note, however, that proton pumps have been found in the endoplasmic reticulum (Rees-Jones & Al-Awqati, 1984) , and that secretion is normally investigated using cell-free systems in which, as in their bacterial counterparts, a requirement for energised membranes may be difficult to demonstrate.
Cell-free systems have been used to show that ATP is necessary for posttranslational import of precursors into both eukaryotic and bacterial membrane vesicles (Chen & Tai, 1985; Geller et al. 1986; Yamane et al. 1987; Hansen et al. 1986; Waters & Blobel, 1986) . However, the role played by ATP in eukaryotic secretion and bacterial protein export is not yet defined. Recently it has been shown that mutations in members of a family of yeast heat-shock proteins that hydrolyse ATP cause accumulation in vivo of precursors of secreted proteins and of a mitochondrial protein (Deshaies et al. 1988 ). These heat-shock proteins also stimulate translocation of secreted proteins into microsomal vesicles in vitro (Chirico et al. 1988 ). Since the heat-shock proteins are known to act as 'molecular chaperones', that is to bind to other proteins and prevent them becoming prematurely or incorrectly folded (Pelham, 1986; Ellis, 1987) , the function of ATP may be connected with maintaining a structure compatible with export as the precursor is delivered to the membrane. Alternatively, ATP hydrolysis may be necessary for release of the competent precursor from the molecular chaperone to the export apparatus in the membrane.
Interaction of precursors with the membrane
Cell and membrane fractionation techniques are fraught with artefacts particularly when the molecule that is being located is a transient species, as are precursors of exported proteins. (F or a fuller discussion of these difficulties, see Randall et al. 1987) . However, in order to study the pathway of export in vivo there is no alternative but to use fractionation techniques coupled with circumspect interpret ations.
One of the better techniques for separating membranes from soluble proteins in a bacterial lysate is to use high speed centrifugation of samples applied to the bottom of metrizamide density gradients. These are constructed so that membranes float to the top leaving the proteins not associated with lipids at the bottom. We applied this method to bacteria that were pulse-labelled and treated with uncoupler to block export and thus increase the quantity of precursor. Both wild-type M alE precursor and an export-defective form, M a lE 1 8 -l, that has an arginyl residue in the hydrophobic part of the leader sequence, floated with the membrane (Fig. 2) . In F ra ctio n num ber contrast, M alEA 2-26, which lacks the leader sequence and is therefore not exported, did not associate with membrane but remained at the bottom of the gradient (Thom & Randall, 1988) . We tentatively conclude that the possession of a leader sequence, even of one in which the hydrophobic centre is not very hydrophobic (in M a lE 1 8 -l this sequence is IL A L S A L T T R M F ), leads to rapid association with the membrane in vivo and furthermore that the defect in export of maltose-binding protein in the strain carrying m alE 1 8-1 occurs at a stage that follows membrane association.
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We have been able to gain further insight into the pathway of export by fractionating bacterial membranes using the standard technique of sedimentation to equilibrium density through a gradient of sucrose (Osborn & Munson, 1974) . T h is widely used method, which clearly separates cytoplasmic and outer membranes, has allowed us to identify two different membrane sites that are involved in export: an entry site with the density of cytoplasmic membrane and a translocation site with a density slightly less than that of the outer membrane. T h e fractionation has also provided evidence for a final stage in export after the protein is completed and processed, but before it has been released from membranes. Others have previously shown the existence of this step (Koshland & Botstein, 1982; Minsky et al. 1986; Fitts et al. 1987 ). In the experiment, bacteria were pulse-labelled in the absence or presence of uncoupler, after which they were sonically disrupted and the lysate fractionated (Fig . 3) . T h e important findings were: first, that a significant fraction of newly labelled mature maltose-binding protein was transiently associated with membrane, presumably prior to release into the periplasm; second, that in unperturbed cells nearly all the completed precursor was associated with the cytoplasmic membrane peak while processed nascent chains, which must be in the translocation site because they span the cytoplasmic membrane, were distributed between the cytoplasmic membrane and the less dense side of the outer membrane peak (Fig. 3A) ; and third, that in cells treated with uncoupler to dissipate protonmotive force a proportion of the fully elongated precursor was now also in the outer membrane peak (Fig. 3B) . These data may be interpreted to mean that the rate-limiting step for export of precursor is that of transfer from the entry site to the translocation site. Thus in lysates of unperturbed cells, precursor is only seen at the former site. However, in the presence of uncouplers, translocation is blocked and precursor molecules accumulate at the latter site. A similar distribution of precursor maltose-binding protein to that obtained in lysates of uncoupled cells is seen with lysates of the fully coupled m alE 18-1 mutant (not shown). This indicates that the mutation in the leader sequence blocks the translocation step but has no effect on the entry step since newly synthesized MalE 18-1 associates with membrane, as does wild-type precursor (Fig. 2) .
The identification of the translocation site in the outer membrane peak when by definition it must be in the cytoplasmic membrane not only emphasizes the difficulties in interpretation of such fractionation experiments but suggests either that the site must be a protein-rich fraction of the membrane or that it contains components of both membranes, as would be the case if translocation occurred at zones of adhesion between cytoplasmic and outer membrane. Electron microscopy of immunogold-labelled gradient fractions favours the latter explanation (Thom J. R ., Randall L . L . & Bayer M. E ., unpublished data).
The facts that a leader sequence is necessary for membrane association and that the export of a precursor with a defective leader is blocked at a stage in the pathway after membrane association, together indicate that the leader sequence has at least two roles, one at the entry step and another at the translocation step. Since M alE18-l, which is typical of those defective mutated precursors with a charged residue in the hydrophobic part of the leader, is blocked in translocation but not entry, we conclude that hydrophobicity is important in translocation. Other investigations have indi cated more than one function for the leader (Ryan & Bassford, 1985; Stader et al. 1986; Kaiser et al. 1987; Wiedmann et al. 1987; Trun & Silhavy, 1989 , this volume).
Functions of the leader sequence
There is a nice irony in the fact that the leader sequence, the discovery of which was one of the earliest important insights into protein export, is still not understood. The problem is that in any given cell there appears to be a common export apparatus which is responsible for exporting a large number of different proteins, each one carrying a different leader sequence. It is hard to envisage how a single piece of apparatus could specifically interact with the plethora of leader sequences, as is proposed in the signal hypothesis (see below). T h e problem is exacerbated by the finding that a high proportion (about 20 %) of random sequences of approximately the right length can act as leader sequences for export of the yeast-secreted protein invertase (Kaiser et al. 1987) . Therefore the early function of the leader in targeting proteins into the export pathway is not dependent on a sequence-specific interaction. Furtherm ore, the well-established phenomenon that replacement of the leader sequence of one protein with that of another has no effect on its export indicates that there is no significant functional match between a particular leader sequence and the remainder of the exported protein.
A possible role for the leader in maintaining the precursor in an export-competent state was suggested when we showed that maltose-binding protein was not exported once the precursor had been allowed to fold in the cytoplasm into the conformation adopted by the native protein (Randall & Hardy, 1986) . In these experiments various mutant forms of the precursor, defective in export, were shown to take up in the cytoplasm the protease-resistant structure characteristic of the active protein, whereas the wild-type precursor under the same conditions remained protease sensitive (Fig . 4) . T h e attainment of native structure by the mutated precursors was shown to be temporally correlated with cessation of export. Since under conditions where the export apparatus was saturated the wild-type precursor was shown to fold in the cytoplasm with similar kinetics to the mutated precursors, we concluded that it was not the possession of a correct leader p er se that prevented folding, but some interaction with the export apparatus. T h e requirement that proteins should not be T im e (m in) were pulse-labelled, uncoupled and then chased. At various times samples were put on ice, the bacteria were plasmolysed and the spheroplasts were separated from periplasm and lysed. T h e lysate was treated with proteinase K to assess folding. Precursor that has assumed the native structure is insensitive ( 0 % S ) to proteinase K ; unfolded precursor is completely degraded (100 % S ). T h e mutation used was OTa/E14-2 (from Randall & Hardy, 1986). in their native conformation if they are to cross membranes may be common to all such translocations.
Since an element of the export apparatus interacts with the precursor to prevent it from folding into its native structure in the cytoplasm, the interaction cannot be exclusively with the leader sequence, which is not part of the native structure. There must be some interaction with the remainder of the protein. Since there is no common sequence among exported proteins, we have come full circle to the same problem as before: how can a single export apparatus specifically recognize a large number of different proteins in a sequence-independent manner? We suggest that the solution to the problem lies in common elements of secondary structure, which are temporarily created or exposed in the precursor because of its possession of a leader sequence. For example, an exposed element of beta structure might allow a component of the export apparatus to bind in a manner independent of side chains through hydrogen bonding to the carbonyl and amide groups of the polypeptide backbone. In this hypothesis, the leader would be present to modulate the folding of the precursor so that the necessary element of secondary structure is temporarily available to the export apparatus. It is this modulation of folding that would constitute the sorting function of the leader.
Evidence consistent with this hypothesis has been obtained by studying the folding of precursor and mature forms of maltose-binding protein and ribose-binding protein in vitro. For both proteins the presence of a leader sequence significantly retards the folding (Park et al. 1988) . Using the change in the intrinsic fluorescence of tryptophan residues as an assay of folding, these observations were extended in a comparison of the rates of folding and unfolding of both precursor and mature forms of wild-type arid mutated maltose-binding protein. Three mutated molecules were investigated: a precursor with an Ala to Glu substitution in the leader sequence (M a lE 1 4 -l), a precursor containing this substitution and another (Tyr to Asp) at position 283 that partially suppresses the effects of the leader sequence mutation, and lastly mature maltose-binding protein with the substitution at position 283 (MalE2261). M alE 14-l is one of the class of mutant precursors that have a charged residue within the hydrophobic core and are defective in translocation, but not apparently in targeting (see above). As would therefore be expected if targeting were a result of modulation of folding by the leader sequence, the study showed that M alE 14-l precursor folds in vitro with the same kinetics as wild-type precursor ( Fig. 5 ; Liu et al. 1988) . Furthermore the folding of mature maltose-binding protein with the suppressing substitution at position 283 was slower even than the wild-type precursor, and the folding of the precursor containing both mutations was too slow to measure. Thus the suppressor mutation has the effect of drastically slowing the folding of the precursor with the defective leader, and we propose that it is this effect that mediates the partial suppression of the export defect imposed by the leader sequence mutation.
We envisage the following scenario (Fig. 6) . With wild-type maltose-binding protein the modulation of folding imposed by the leader allows the initial interaction between the export apparatus and the precursor to occur with high though not total efficiency. A small fraction escapes the interaction by folding into the native structure within the cytoplasm. T h is fraction cannot now be exported. T h e export apparatus then delivers the bound precursor to the translocation site and it is exported from the cell by the translocation apparatus with very high efficiency because of its possession of a wild-type leader (Fig. 6A ) . With the precursor having the mutated leader, exactly the same initial interaction and wastage occur but at the translocation site the mutated precursor is translocated with very low efficiency. T h e great majority of precursor dissociates from the translocation site to go round the cycle again with some fraction folding into the native structure to become permanently defective in translocation (Fig. 6B ) . Cycles occur until nearly all the precursor is folded intracellularly and only a minor fraction has been exported. In the case of the precursor carrying both mutations the fraction wasted in each cycle is much lower because the precursor folds into the native structure much more slowly than wild type precursor. Thu s the doubly mutated precursor undergoes many more cycles before it is all either folded or degraded intracellularly, and consequently a larger fraction is exported (1 8 % rather than 9 % ; Cover et al. 1987) . Such a scenario is consistent with the ideas that the sorting function of the leader is mediated through its effect on folding and that the leader has at least two functions, one in sorting and one in translocation, where the hydrophobicity is of paramount importance.
Models
No discussion of protein export would be complete without presenting the signal hypothesis originally proposed to account for eukaryotic secretion by Blobel & Sabatini (1971) , and steadily developed in the intervening years, largely from the results of experiments with cell-free systems containing dog pancreas microsomes. So influential is the model that it has become a textbook dogma, a fact that attests to its appeal and flexibility. Like all good theories it has changed with new data. A reasonably up to date version, based on Walter et al. (1984) would be the following.
As the signal sequence of the protein emerges from the ribosome it is bound by a cytoplasmic ribonucleoprotein complex, the signal recognition particle (S R P ), which mediates interaction with the membrane via an integral membrane protein, the docking protein.
T h e signal recognition particle is then released and protein synthesis continues on the membrane where the signal interacts with an integral membrane component (Wiedmann et al. 1987) . Translocation and removal of the signal normally occur before the polypeptide is complete. T h e model is strongest in its characterization of the cytosolic and membrane components involved in the apparatus and weakest in its mechanistic aspects. The originally proposed role of the S R P , which binds to ribosomes and can be cross linked to the signal sequence, was to arrest synthesis of the polypeptide at an early stage until the ribosome and nascent chain had interacted with the membrane, thus ensuring cotranslational translocation. This is now in doubt (Meyer, 1985) and the function of SR P is therefore unclear. Concomitant with this uncertainty is further uncertainty concerning the mechanism of translocation itself: the idea that nascent polypeptide passes through an aqueous pore or tunnel in the membrane as it reels off the ribosome can no longer be considered established, since it has been shown that SRP-dependent translocation can occur late in, or after the completion of, translation (Ainger & Meyer, 1986; Sanz & Meyer, 1988) .
Less influential than the signal hypothesis but still mentioned in the occasional undergraduate text, is the membrane trigger hypothesis first proposed by Wickner (1979) to account for the localization of M13 coat protein in the cytoplasmic membrane of E. coli, and later developed by him as a general theory for export of proteins from bacteria. Here, by interacting with a cytosolic protein, the trigger factor (Crooke & Wickner, 1987) , the precursor takes up a defined conformation that on interaction with the energised membrane or export apparatus in the membrane, undergoes a change that mediates translocation. Cleavage of the leader sequence on the periplasmic side causes release of the protein and allows it to fold into its mature conformation in the periplasm or outer membrane. It is noteworthy that the membrane trigger hypothesis and the signal hypothesis, which were once the opposite poles of explanation in the field because of the different roles ascribed to the leader, are now, with the demise of the necessity for cotranslational translocation in eukaryotes and doubt about the role of the signal recognition particle, more or less compatible. Indeed there is now strong evidence that one function of the signal recognition particle is as the eukaryotic equivalent of the trigger factor (Crooke et al. 1988; Lill et al. 1988; Sanz & Meyer, 1988) and one of its roles could therefore be to bind to the precursor or nascent chain of the secreted protein to confer upon it, while still in the cytoplasm, a conformation compatible with export.
Were we at this time to present our own model it would be similar to the membrane trigger hypothesis, but it would emphasize two roles for the leader sequence, the first in modulating folding to allow initial interaction of the precursor or nascent chain with the export apparatus, and the second in translocation, where hydrophobicity of the leader sequence is important. Similarly we would postulate two sites on the membrane, an entry site and a translocation site, distinguishable in E. coli by virtue of their different densities. The translocation sites could be zones of adhesion between cytoplasmic and outer membranes. Our interpretation of the energy requirements for export would be that protonmotive force is involved in the translocation event and ATP hydrolysis is necessary for movement of the precursor or nascent chain either from a cytosolic factor to the entry site on the membrane or from the entry site to the translocation site. Throughout the process, the export apparatus, whether it be membrane associated or cytoplasmic, would maintain the precursor or nascent chain in a competent loosely folded conformation, different from the thermodynamically stable state and compatible with export. The existence of both co-translational and post-translational export would be the result of random interaction with the export apparatus with time and would not signify different mechanisms. Only in the case where a protein had independent domains of folding would it be essential that export should be co-translational. Here the interaction of leader sequence and export apparatus with the first domain would initiate translo cation before the second independent domain was completed and could fold into a structure incompatible with export. Thus in this case the second and subsequent domains would be passed through the bilayer as they were synthesized, by virtue of the first domain already being on the outside of the membrane.
All these models presently have the same major blank spot, namely the mechanism of translocation itself, about which at present there is little information, apart from the necessity for a hydrophobic section of the leader sequence. It seems likely that major clarification of this issue will depend on insights into the structure of the components at the translocation site in the membrane.
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